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Beta-barrel proteinsed by two distinct membranes: the outer and the inner membrane. The
mitochondrial outer membrane mediates numerous interactions between the mitochondrial metabolic and
genetic systems and the rest of the eukaryotic cell. Proteins of this membrane are nuclear-encoded and
synthesized as precursor proteins in the cytosol. They are targeted to the mitochondria and inserted into
their target membrane via various pathways. This review summarizes our current knowledge of the sorting
signals for this speciﬁc targeting and describes the mechanisms by which the mitochondrial import
machineries recognize precursor proteins, mediate their membrane integration and facilitate assembly into
functional complexes.
© 2008 Elsevier B.V. All rights reserved.1. Composition and functionof themitochondrial outermembrane
The mitochondrial outer membrane mediates numerous interac-
tions between the mitochondrial metabolic and genetic systems and
the rest of the eukaryotic cell. It typically contains 8–10% of the total
proteins of the organelle. The two mitochondrial membranes differ
considerably in their structure and composition. The mitochondrial
inner membrane forms the distinct cristae structures, contains high
concentrations of cardiolipin and the ratio between proteins and
phospholipids in this membrane is unusually high (5–6 µg/µg). The
mitochondrial outer membrane (MOM) in contrast, is more homo-
genous in structure, contains considerably less cardiolipin and harbors
a much lower proportion of proteins (proteins/phospholipids 1.0–
1.5 µg/µg) [1–3]. All known proteins in the MOM are encoded in
the nucleus and synthesized on cytosolic ribosomes. Thus, they have
to bear signals that ensure there correct import into the organelle.
None of the MOM proteins contains a canonical cleavable N-terminal
presequence. The sorting signals within these proteins can be found in
the termini of the protein or in internal sequences.
Studies to analyze the proteome of the fungal MOM were recently
performed in Saccharomyces cerivisiae [4,5] and Neurospora crassa [6]
and displayed roughly 40 different proteins. These proteins include a
diverse set of enzymes, components of precursor protein translocation
and insertion machineries, pore forming proteins and proteins mediat-iochemie, University of Tübin-
l.: +49 7071 2974184; fax: +49
. Rapaport).
l rights reserved.ing mitochondrial fusion and ﬁssion. Thus, the outer membrane plays
a crucial role in the biogenesis, inheritance and morphology of the
organelle. Many more proteins were found to be associated with
the cytosolic face of outer membrane of mitochondria isolated from
mammalian cells. Among them are ribosomal subunits, elongation
factors, heat-shock proteins and proteins that were reported before to
reside in other organelles [7]. Theseﬁndings underscore the importance
of the outer membrane in maintaining the intimate connection of the
organelle with the rest of the cell and suggest that many proteinsmight
have dual intracellular locations. Interestingly, among the MOM pro-
teins that were found in the proteomic studies are also enzymes with
redox activities. These may be involved in metabolism and/or redox
homeostasis of the cell. One could even speculate that they may play
an indirect role in the respiratory activity of mitochondria.
Recently, the mitochondrial outer membrane raised considerable
interest since, in addition to the above functions, it was found to harbor
proteins that control central cellular events [8]. For example, pro- and
anti-apoptotic proteins are found to associate with the mitochondrial
outer membrane in mammalian cells [9]. In addition, this membrane
serves as a platform where BH3-only proteins, a category of Bcl-2 rela-
ted proteins, can interact with anti-apoptotic factors and promote cell
death (for reviews see Refs. [10,11]). Moreover, a new role of mito-
chondria in innate immunity was suggested based on the identiﬁca-
tion of a novel outer membrane protein which is involved in response
to viral infection and was termed MAVS (mitochondrial antiviral sig-
naling) [12].
Certain proteins are not permanently anchored to the outer
membrane but rather associate with the membrane in a dynamic
manner. Itwas shown that during apoptosis, p53andBaxcan speciﬁcally
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cytosol tomitochondria plays an important role inmitochondrialﬁssion
and apoptosis [13]. For some of these proteins post-translational
modiﬁcations were suggested to modify their association with the
outer membrane. For example, sumoylation of DRP1 was reported to
correlate with the stable association of the protein with the mitochon-
drial outer membrane [14], and phosphorylation of K-Ras promotes its
recruitment to the organelle [15]. How such post-translational mod-
iﬁcations mediate interaction with the outer membrane is currently
unclear.
In contrast to the detailed information gained in the last decade on
the import of precursor proteins into the matrix and inner membrane,
relatively little is known about the mechanism of insertion and as-
sembly of outer membrane proteins.
2. Topologies of outer membrane proteins
Based on their topology, integral proteins of the MOM are assigned
to different categories (Fig. 1). A large fraction of these proteins are
membrane-anchored via a single membrane spanning helix which can
be located either at theN-or at theC-terminus of thepolypeptide chain.
In the former case,members are referred to as signal-anchored (Fig.1a),
in the latter case as tail-anchored proteins (Fig. 1b). In both cases, the
bulk of the protein is exposed to the cytosol and only a short segment is
located within the intermembrane space (IMS). Two further proteins
with a single transmembrane segment, Tom22 and Mim1 (also called
Tom13), assume an orientation where the N-terminal domain is in the
cytosol and the C-terminal part is facing the IMS (Fig. 1c). Two proteins
in yeast are knownwhich are anchored in the membrane via multiple
α-helices. In Fzo1, a GTPase involved in mitochondrial fusion, the bulk
of the protein is facing the cytosol and the two membrane embedded
helices are connected via a short loop in the IMS (Fig. 1d) [16,17].
Recently, Ugo1, an interactionpartner of Fzo1, was shown to be amulti-
pass membrane protein and was suggested to possess at least three
transmembrane helices (Fig. 1e) [18]. Finally, the MOM contains the
distinct class of β-barrel proteins. Unlike the other proteins mentioned
above, β-barrel proteins span the membrane via multiple anti-parallel
amphiphatic β-strands arranged in a cylindrical shape (Fig. 1f).
3. Structure and function of the TOM complex
The translocase of the mitochondrial outer membrane (TOM
complex) serves as the mitochondrial entry gate for the vast majorityFig. 1. Topologies of proteins in the mitochondrial outer membrane. Proteins span the
transmembrane segment at the N-terminus. Examples are Tom20, Tom70, OM45, and Mcr1
exposed to the cytosol and only a small N-terminal segment crosses the outer membrane. Ta
distinct class. These proteins have a single membrane spanning sequence at their C-terminus
Mim1 and Tom22, traverse the outer membrane once with an N-terminal domain pointing
proteins span the membrane twice (for example Fzo1/Mfn1,2, d) or several times (for examp
to cross the outer membrane as a series of antiparallel β-strands, forming a β-barrel structuof nuclear-encoded protein precursors. The complex mediates the
translocation of precursor proteins across the MOM via a protein con-
ducting pore. Most studies on the TOM complex employed two fungal
model organisms, S. cerivisiae and N. crassa. However, function and
composition of the complex are highly conserved through evolution
with clear homologues of most subunits in animals [19,20] and plants
[21]. Two forms of the TOMcomplexwere deﬁned: the holo and the core
complex. The TOM core complex has a molecular mass of 450–500 kDa
and comprises Tom40, Tom22 and the three small Tom proteins, Tom5,
Tom6 and Tom7 [22]. The TOM holo-complex additionally includes the
primary import receptors, Tom20 and Tom70, and has amolecularmass
of 490–600 kDa [23–25].
In contrast to all other proteins in the TOM complex which are
embedded in the membrane via single α-helical domains, Tom40 is
suggested to form a β-barrel structure [25–27]. Tom40 is present in
multiple copies within the TOM complex, but the basic structural unit
of Tom40 is probably a dimer [28]. The protein represents the central
component of the complex and is believed to form the major part of
the protein conducting pore [25,26]. Even in the absence of additional
subunits, Tom40 interacts directly with protein precursors [25,29]. It is
still unknown whether the protein conducting channel is formed by
the interior of the β-barrel structure or by a central pore formed
between several copies of Tom40 [30]. The diameter of the preprotein
conducting channel in the TOM-complex was estimated to lie
between 1.6 and 2.6 nm on the basis of electron microscopy, import
of rigid compounds and ion conductance measurements [26,31,32].
The dimensions suggest that the import pore can accommodate a loop
of two helices but is insufﬁcient for the translocation of folded protein
domains, indicating the necessity of import in an unfolded state.
Indeed, several subunits of the TOM complex were shown to have
chaperone-like properties and the complex as a whole was demon-
strated to stabilize unfolded proteins [33,34]. Collectively, it seems
plausible that the TOM complex takes part in the process of precursor
unfolding.
Both primary import receptors (Tom20 and Tom70) display a
preference for speciﬁc subsets of mitochondrial proteins but can
partially complement each other due to overlapping speciﬁcities. In
addition, the two proteins have been shown to interact with cytosolic
chaperones escorting mitochondrial proteins to the TOM complex
[35,36]. Tom20 is the main import receptor with a preference for
presequence-containing precursor proteins. It can further recognize a
variety of precursors with internal targeting signals like β-barrel
proteins [37–39] and cytochrome cheme lyase of the IMS [40]. Precursormembrane once, twice or as multi-pass polypeptides. One family contains a single
(a). These proteins are inserted in an orientation, where the bulk of the polypeptide is
il-anchored proteins such as Fis1, Tom5, Tom6, Gem1, Bcl-2 and VAMP-1B form another
and display their large N-terminal portion to the cytosol (b). A third type of proteins, like
to the cytosol and a soluble C-terminal domain to the intermembrane space (c). Other
le Ugo1 or PBR, e). Finally, several proteins (porin, Tom40, Tob55, Mdm10) are predicted
re (f).
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together with Tom22, and the two proteins share similar substrate
recognition proﬁles [41,42]. In addition to its function as an import
receptor [41,43–45], Tom22 is crucial for establishing the binding
between the primary receptors, Tom20 and Tom70, to the TOM core-
complex and contributes to the stability of the latter [43]. Tom70 has a
more restricted subset of substrate proteins and exhibits a speciﬁcity for
hydrophobic precursors such as those of the carrier protein family
[46,47].
The small Tom components Tom5, Tom6 and Tom7 are tail-
anchored proteins between 50 and 70 amino acids in length and are
assumed to regulate the organization of the TOM complex. Neither
of them is essential when deleted individually. Tom5 was found
to associate with newly imported Tom40 already at an early stage,
forming a 100 kDa intermediate [48] and may have a general role
in TOM complex stability. Tom6 and Tom7 are suggested to act as
antagonists in the regulation of TOM complex organization. Tom6
supports stability, probably by serving as an adaptor for interaction
between Tom22 and Tom40 [49,50]. Tom7 in turn may be a negative
regulator by promoting the dissociation of the subunits in the complex
[51].
4. Signal-anchored proteins
The known signal-anchored proteins in the outer membrane of
yeast mitochondria are the primary import receptors, Tom20 and
Tom70, aswell as OM45, a proteinwithyet unknown function [52], and
the outer membrane isoform of cytochrome b5 reductase, Mcr1 [53].
Members of this family are characterized by an N-terminally located,
moderately hydrophobic stretch of approximately 20 amino acids in
length, often ﬂanked by positively charged residues. This α-helical
membrane-spanning segment anchors the protein to the membrane
and represents the sorting signal, thus assuming a “signal-anchor”
double function [54]. The differentmembers of this family do not shareFig. 2. Insertion of signal- and tail-anchored proteins. Both types of proteins contain a single t
of tail- and signal-anchored proteins may associate with cytosolic factors that assist in the
without an apparent involvement of the TOM complex. It is yet an unresolved question whe
membrane-integration.sequence similarity in their N-termini, thus it appears that the sorting
information is encoded in a conserved structural feature [55]. As de-
termined with the help of chimeric protein precursors, the signal-
anchor domain is in most cases sufﬁcient for mitochondrial targeting
[56–58]. Mutagenesis studies with yeast Tom20 further revealed
that amoderate hydrophobicity of the transmembrane segment (TMS)
rather than its length is important for obtaining the correct cellular
localization of the protein. Increasing the hydrophobicity of the TMS
resulted in mistargeting to the endoplasmatic reticulum [55,56]. The
role of the positive charges at the N-termini of signal-anchored
proteins may vary between different species. While in mammalian
cells, the basic residues are required for targeting [56,58], this feature
enhances membrane integration in fungi, but is not essential [55,57].
Themechanismbywhich signal-anchored proteins are integrated into
the membrane is only partially understood and may differ between the
individual members. It appears that their import, unlike that of the
majority of mitochondrial proteins, is independent of the primary TOM
receptors (Fig. 2). The biogenesis of Tom70, Tom20 and Mcr1 does not
require preexisting import receptors or protease-accessible cytosolic do-
mains of other outer membrane proteins [58–62]. Similarly, blocking the
translocation pore of the TOM complex did not affect the membrane
insertionof theseproteins [60–62]. AdifferencebetweenTom20andMcr1
was observed regarding the dependency on Tom40.Whereas Tom20was
shown to be dependent onTom40 for acquiring its correct topology, Mcr1
was inserted into the outer membrane independently of the translocase
[61,62]. Considering the fact that Tom20 is a subunit of the TOM complex,
this protein may represent a speciﬁc case, while Mcr1 may follow amore
general insertionpathway. Tom40mayact in the biogenesis of Tom20 in a
step after the initial membrane integration. Currently, it is not clear
whether proteins like Mcr1 can insert spontaneously into the membrane
or another, yet unidentiﬁed insertase is involved (Fig. 2).
Recently, reports on an involvement of Mim1 in the biogenesis of
signal-anchored proteins in yeast have accumulated. Mim1 is a non-
essential protein in the MOM which is part of an oligomeric structureransmembrane segment which is ﬂanked by positively-charged residues. The precursors
ir targeting to the mitochondria. Precursors of proteins from these classes are inserted
ther other membrane-embedded proteins (depicted here as “insertase”) promote their
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from other known complexes in the MOM like the TOM and TOB/SAM
complexes. Mim1 transverses the outer membrane once and has an
N-terminal domain facing the cytosol and a C-terminal domain
towards the IMS. The TMS of Mim1 was found to be the functional
part of the protein and to mediate its dimerization which is in turn
essential for its function [63]. Mim1 has been shown to be crucial for
the import of both Tom20 and Tom70 [63,66]. It was further reported
that Mim1 catalyses the integration of the two primary import
receptors into the TOM core complex [66,67]. In contrast, Mim1 does
not appear to have any impact on the membrane integration of
OM45 or Mcr1 [62,67]. Notably, Mim1 has also been implicated as
acting in late steps in the biogenesis of Tom40 [64,65]. Collectively,
Mim1 appears to have multiple roles in the biogenesis of the TOM
complex.
5. Tail-anchored proteins
Similar to signal-anchored proteins, tail-anchored proteins also
contain a single TMS. It is however located at the C-terminus, exposing
the N-terminal bulk of the protein towards the cytosolic side of the
MOM [68,69]. The tail-anchor domain has striking similarities with the
N-termini of signal-anchored proteins and is also generally sufﬁcient to
facilitate mitochondrial targeting [50,70–74]. As in signal-anchored
proteins, the TMSofmitochondrial tail-anchoredproteins ismoderately
hydrophobic, and in most cases stretches in its close vicinity are
positively charged.
Members of this class comprise the small TOM complex subunits
Tom5, Tom6 and Tom7 [71], Fis1 which promotes mitochondrial ﬁssion
[75], and a modulator of mitochondrial morphology, Gem1 [76]. Ad-
ditional representatives inmammals aremost prominently regulators of
apoptosis belonging to the Bcl-2 family [77], the mitochondrial isoform
of cytochrome b5 [78], the vesicle associated membrane protein VAMP-
1B [79] aswell as OMP25, whichwas identiﬁed as an interactionpartner
of synaptojanin 2A [80]. Recently, an additional member of this group
was identiﬁed and was termed MAVS (mitochondrial antiviral signal-
ing).MAVS is theﬁrstmitochondrial proteinwhich is involveddirectly in
the innate immune response [12].
Tail-anchored proteins are found also in other cellular membranes,
namely of the secretory pathway and in peroxisomes. For example,
two isoforms of both cytochrome b5 and VAMP1 are known, of which
one is located in the ER and the other in mitochondria. In order
to deﬁne the features responsible for the targeting speciﬁcity, the
structural characteristics of the sorting signals of these variants have
been studied. It was observed that the mitochondrial isoforms have
either more basic or less acidic residues in the region C-terminally to
the TMS [79,81,82]. Similar characteristics are likely to cause the
differences in the cellular localization of the two anti-apoptotic pro-
teins Bcl-XL and Bcl-2. The TMS of the former has two neighboring
positively charged residues on either side of the membrane spanning
region and is exclusively found in the MOM. In contrast, the TMS of
Bcl-2, which is also present in membranes of the ER and the nuclear
envelope, is ﬂanked on each side only by one basic residue [79]. In
contrast to signal-anchored proteins, a short length of the TMS seems
to play an important role in cellular sorting of tail-anchored proteins
[79,83]. An extension of the TMS in Tom5 resulted in targeting to non-
mitochondrial cellular membranes [83].
Our understanding of the cis elements (like length of the TMS and
distribution of charges)which dictate targeting to certain organelles has
increased signiﬁcantly in recent years. Unfortunately, our knowledge of
themolecular basis bywhich speciﬁc sorting to organelles is established
is still far behind, and the mechanism by which tail-anchored proteins
are inserted into membranes remains controversial. While targeting of
mammalian Bcl-2 and VAMP-1Bwas reported to be TOM receptor- and,
in the latter case, ATP- dependent [84,85], contradicting ﬁndings were
published for Bcl-XL, Bak and Omp25, claiming an ATP- and TOM-independent pathway [86]. In yeast, a study on themembrane insertion
of Fis1 supports a TOM-independent mechanism (Fig. 2)[74]. Thus,
various pathways for the sorting and membrane integration of these
proteins were suggested. Among the possibilities are elevated afﬁnities
of the tail-anchor domains for certain lipid components in the target
membrane or binding to cytosolic factors which help in targeting. A
further option is the involvement of a yet unidentiﬁed insertase in the
corresponding organelle [69]. The observations that the membrane
insertion of tail-anchored proteins does not require protein domains
exposed to the cytosol [74,86] implies that such putative insertase
shouldbemembraneembedded. It couldwell be thatdifferentmembers
of the group follow different pathways and that more than one of the
above options contribute to the biogenesis of these proteins. It is clear
that further experiments are required to unravel the molecular
mechanism of the membrane integration process.
6. Insertion mechanisms of multispan proteins
Several proteins are known which are anchored to the outer
membrane via multiple TMSs. Among them are yeast Fzo1 and its
mammalian homologues Mfn1/2 which promote the fusion of the
organelle and are anchored to the membrane by two TMSs [16,17].
Ugo1, an interaction partner of Fzo1, is another example as it was
suggested to possess at least three transmembrane helices [18]. The
third member in the group is the peripheral benzodiazepine receptor
(PBR) which is anchored to the MOM by ﬁve transmembrane helices
and is involved in cholesterol import into mitochondria [87,88].
Very little is known on the mechanisms by which these proteins are
recognized at the surface of mitochondria and inserted into the outer
membrane. A recent study suggests that the C-terminal 50 amino acids
of Ugo1, which contain one of the putative TMS, are sufﬁcient for
mitochondrial targeting although part of targeting information is also
encoded in the remaining portion of the polypeptide chain. Thus, it was
speculated that the protein might have multiple targeting/import
signals [18]. Themechanismofmembrane insertion of PBRwasanalyzed
in some detail employing in situ immunoﬂuorescence microscopy and
semi-intact cells [88]. Surprisingly this study revealed a new insertion
pathway for proteins with multiple TMSs. This pathway depends on
the import receptor Tom70 but does not require other components of
the TOM complex. Furthermore, it shares elements of the integration
pathway of tail-anchored proteins and depends on components in the
IMS [88]. Currently it not clear if a dedicated protein complex is required
downstreamof Tom70 tomediate the insertionof theseproteins into the
outer membrane. Future studies will shedmore light on this interesting
and unique pathway.
7. Biogenesis of β-barrel protein
7.1. Structural features of β-barrel proteins
β-barrel proteins are a group of mitochondrial outer membrane
proteins which are characterized by their distinct topology. Notably,
β-barrels are found only in the outer membranes of Gram-negative
bacteria and eukaryotic organelles of endosymbiotic origin namely,
chloroplasts and mitochondria. While most membrane proteins are
anchored to the membrane via α-helical segments, β-barrel proteins
forms a cylindrically shaped structure by an even number of anti-
parallel β-strands which are interconnected in a meander topology by
either short β-turns or longer loops [89]. The individual strands are
usually 9–11 amino acids in length and are tilted approximately 45° in
respect to the membrane plane. Alternating patterns of amino acid
side chains result in the formation of amphiphilic segments with a
hydrophilic face, lining the interior of the pore, and a hydrophobic face
exposed towards the lipid bilayer [90]. The pore structure is stabilized by
a large number of hydrogen bonds between peptide backbones of
neighboring β-strands. Thus, membrane embedded β-barrel structures
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should be noted that so far, high resolution structures have been
obtained only for bacterial β-barrels whereas mitochondrial proteins
have been assigned to this classmainly on the basis of sequence analysis
and secondary structure determination.
7.2. Functions of mitochondrial β-barrel proteins
Compared to bacteria, the number of knownmitochondrial β-barrel
proteins is rather small. Six proteins are predicted to form β-barrel
structures in yeast: Tom40, Tob55/Sam50, Mmm2, Mdm10 and two
isoforms of porin [92]. The functions of these outer membrane proteins
are diverse. Tom40 and Tob55, both essential for viability in yeast,
represent themain components of the TOM and the TOB/SAM complex,
respectively. Porin, in mammalian cells also referred to as voltage-
dependent anion-selective channel (VDAC), is the most abundant MOM
protein. Similar to the function of most bacterial β-barrel proteins, the
main role of porin lies in mediating diffusion of small molecules
through the outer membrane. In mammalian cells, VDAC has also been
implicated in contributing to mitochondrial membrane permeability
transition during necrotic and apoptotic processes [93]. In yeast, two
genes encoding porin isoforms are known [94], and even three isoforms
have been identiﬁed in mammals [95]. The functions of the remaining
β-barrel proteins are not well characterized. Deletion of Mmm2
(Mdm34) resulted in defects in mitochondrial morphology and loss of
mtDNA [96]. Similarly, Mdm10 was initially identiﬁed as a protein
crucial for mitochondrial morphology and inheritance [97]. It was
found, in association with Mmm1 and Mdm12, to facilitate the
attachment of mitochondria to the cytoskeleton [98]. On the other
hand, Mdm10 was also reported to be a member of the TOB complex
and to be involved in the assembly of the TOM complex [99].
7.3. Targeting information of mitochondrial β-barrel proteins
In spite of the signiﬁcant progress towards the identiﬁcation of the
components involved in β-barrel topogenesis, we are only starting to
understand the mechanisms by which precursors are recognized and
assembled into the outer membrane. In spite of their characteristic
structure, little sequence homology is found between themitochondrial
β-barrel proteins. These proteins are devoid of canonical presequences
and their targeting signal is non-cleavable. Several attempts have been
made in order to deﬁne this targeting information by mutational
analyses. InTom40 ofN. crassa, theﬁrst 60 or last 30 residues of theN- or
C-termini, respectively, were found to be dispensable for mitochondrial
targeting [39]. In contrast, the removal of 15 C-terminally located
amino acids of N. crassa porin abolished import whereas truncation of
the N-terminus had no impact [100]. For yeast porin, various internal
and terminal deletions [101] or point mutations of speciﬁc lysine
residues [102] were found to be crucial for uptake into mitochondria.
Furthermore, Tom40 precursors were observed to require partial
folding in the cytosol before insertion into the MOM [39]. Taken
together, these results indicate that the targeting information is
located on different positions throughout the polypeptide chain. It
was therefore proposed that β-barrel-speciﬁc structural elements are
recognized by the protein import machinery [92].
7.4. Components of the TOB complex
The biogenesis of β-barrel proteins is facilitated by a specialized
hetero-oligomeric protein complex termed either TOB complex, for
topogenesis of β-barrel proteins [103], or SAM complex for sorting and
assembly machinery [104]. In yeast, three proteins Tob55 (Sam50/
Omp85), Tob38 (Sam35/Tom38) andMas37 (Sam37/Tom37) have been
identiﬁed as constituents of this complex. Two other proteins, Mdm10
and Mim1, were suggested to participate partially in the TOB complex
but also in other oligomeric structures [67,99]. Similar to the TOMcomplex, a distinction is drawnbetween the TOB core and the TOBholo
complex. While the former comprises the two essential proteins,
Tob55 and Tob38, and has amolecularmass of approximately 160 kDa,
the latter has amolecularmass between 200 and 250 kDa and contains
additionally Mas37 [64,103–105]. The stochiometry of both forms of
the complex remains unknown [92,104]. Electron microscopy images
of both native and recombinant Tob55 revealed ring-shaped structures
with a ﬁvefold symmetrywhich displayed an inner pore size of 4–5 nm
and an outer diameter of 15 nm [103].
Tob55 has homologues in all known eukaryotes and belongs to a
conserved family of protein transporters which also include Toc75 of
chloroplasts aswell as Omp85/YaeTand TpsB in Gram-negative bacteria
[106–109]. It is therefore the only knownmitochondrialβ-barrel protein
with clear homologues outside the kingdom of the eukaryotes. Tob55
was initially identiﬁed in a proteomic screen of the outer membrane of
N. crassa mitochondria [103] and, independently under the name
Sam50, through co-puriﬁcation with Mas37 [104]. Depletion of Tob55
via an inducible promoter [103] or the use of temperature-sensitive
mutants [104] resulted in a severe reduction of β-barrel proteins levels
in the MOMwhereas other proteins were unaffected, thus suggesting a
speciﬁc role in β-barrel biogenesis. Tob55 contains a C-terminal domain
which was predicted to assume a membrane-embedded β-barrel
structure formedby12–14β-strands. TheN-terminal hydrophilic region
of Tob55 faces the IMS and contains a predicted polypeptide transport
associated (POTRA) domain [110,111]. Of note, the related Omp85/YaeT
in bacteria possesses ﬁve repeats of this characteristic domain [112,113].
The second essential component of the TOB complex is Tob38. The
protein is peripherally associated on the cytosolic side of the MOM.
Depletion of Tob38 resulted in defects in β-barrel insertion which
were comparable to a loss of Tob55 [64,105,114]. Although no clear
sequence similarities to proteins in non-fungal species are apparent,
it was suggested that Tob38 is related to metaxin-2 in mammals
[105,114]. The ﬁnding that a knock-down of metaxin-2 resulted in
deﬁcient uptake of Tom40 and VDAC into mitochondria supports the
assumption that metaxin-2 is involved in the biogenesis of β-barrel
proteins in mammalian cells [115].
The third knownTOBcomplex subunit,Mas37was initially identiﬁed
in a screen for mutants with defects in phospholipids synthesis [116].
Unlike the previous two components, Mas37 is largely dispensable for
yeast viability, althoughmas37Δ strains exhibit decreased import of β-
barrel proteins and growth defects at elevated temperatures. Similar to
Tob38, the protein is not embedded in the membrane but is rather
attached to the cytosolic surface of mitochondria [48, 116]. Mas37 has
signiﬁcant sequence homology to metaxin-1 in mammals [117] which
was also shown to be crucial for β-barrel biogenesis [115].
7.5. Assembly of the TOB complex
The components of the TOB complex are sorted to their destination
individually. Newly synthesized Tob55 molecules share the import
pathway of other MOM β-barrel proteins. Tob55 precursors cross the
MOM via the TOM translocase and are subsequently inserted into the
membrane by the TOB complex [38,103]. The C-terminal β-barrel
domain was shown to be sufﬁcient for correct targeting and assembly
into the membrane [111]. It is assumed that newly imported Tob55
precursors are incorporated into preexisting TOB complexes. This
assumption is based mainly on two observations: (i) radiolabelled
Tob55 precursors can be co-puriﬁed with Tob38 already a short time
after their import and (ii) the import efﬁciency of Tob55 precursors is
strongly inhibited in mitochondria depleted for Tob55 or Tob38.
However, Mas37 appears be involved to a lesser extent [38].
Mas37 follows a sorting pathway which was found to be in-
dependent of receptors or the translocation pore of the TOM complex.
As Mas37 is peripherally attached to the TOB complex on the outside of
the MOM, it is most likely directly recruited from the cytosol after
recognition by components of the TOB core complex. The efﬁciency of
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it does not require preexistingMas37 molecules. In contrast, mitochon-
dria from a mas37Δ deﬁcient strain were able to incorporate Mas37
precursors at higher efﬁciencies as compared towild typemitochondria
[38]. To date, the route by which Tob38 is assembled into the TOB
complex has not been elucidated. However, the expression levels of
Tob38 are linked in vivo to that of Tob55 and its uptake does not strictly
require Mas37. The similar topology of Tob38 to that of Mas37 might
suggest that both proteins share comparable sorting mechanisms.
Current ﬁndings support the notion that Tob38 and Tob55, the two
members of the TOB core complex, co-stabilize each other and are
incorporated into the MOM in a co-regulated fashion [105].
7.6. Functions of the TOB complex
Although the proteins which comprise the TOB complex are
known, its mode of action on a molecular basis is poorly understood.
After their synthesis in the cytosol, β-barrel precursors are engaged by
the import receptors [118,119] and subsequently translocated through
the TOM pore (Fig. 3). The involvement of the TOM complex was
demonstrated by several observations. First, efﬁcient biogenesis
requires both import receptors and functional Tom40 [37–39,120].
Secondly, blocking the import pore with an excess of matrix targeted
preproteins interferes with the import of newly synthesized β-barrel
precursors [38,103]. After their passage through the MOM, β-barrel
precursors are then relayed from the IMS side of the TOM pore to
the TOB machinery. For several β-barrel proteins, an interaction with
the small Tim complexes Tim8–13 and Tim9–10 during this transfer
has been reported [38,121,122]. These small Tim components are
believed to have a chaperone-like function and to prevent aggregation
of precursors in the IMS. They have also been implicated in the
biogenesis of other classes of hydrophobic precursors, such as the
carrier proteins of the inner membrane [123–125].
Two lines of evidence suggest that translocation across the TOM
complex and the subsequent TOB-mediated integration into the MOM
are coupled processes. First, upon interference with TOB complex
function, no soluble intermediates of β-barrel precursors have been
observed [48,103]. Secondly, rupturing of the outer membrane doesFig. 3. A working model for the biogenesis of mitochondrial β-barrel membrane proteins
chaperones which keep them in an import-competent conformation (a). Next, the precursor
and are subsequently translocated across the outer membrane via the import pore of the tr
intermembrane space where they may interact with the chaperone-like small Tim compone
into the outer membrane (d). The actions of the TOM and TOB complexes may occur in a conot promote but, probably due to a loss of the small TIM proteins,
inhibits membrane integration of β-barrel precursors [38,126,127].
Strikingly, even when the IMS side of the outer membrane is directly
accessible to precursors through damaging the MOM, blocking of the
TOM pore can still interfere with β-barrel assembly [111]. In spite of
these indications, as yet, neither direct interactions nor import
intermediates involving both complexes have been observed [92].
What is the driving force of the translocation of β-barrel precursors
through the TOMpore? To date, a role of ATP in the biogenesis of MOM
proteins has only been assigned to promote their release fromcytosolic
chaperones. Furthermore, an ATPasewhich can exert a pulling force on
the trans side of the MOM was not identiﬁed. Recently, a direct
interaction ofβ-barrel precursorswith the POTRAdomain of Tob55has
been demonstrated [111]. It is therefore possible that the TOB complex
can trap precursors emerging from the TOM import pore on the IMS
side and therebyassure avectorial translocationvia a Brownian ratchet
mechanism.
The mechanism by which the TOB complex mediates the
membrane insertion of the β-barrel substrates is ill deﬁned. It was
suggested that the process of membrane integration of all β-strands
comprising the barrel-shaped structure takes place in a concerted
manner [128]. Thus, Tob55 might function by assisting in folding of
incoming β-barrel precursors into an insertion-competent state, thus
functioning as a folding-platform in the IMS [30,92]. Due to a lack of
data, one can only speculate on how this may be achieved on a
molecular level. A popular model is based on the apparent pore-like
structure revealed byelectronmicroscopy images of Tob55. The central
cavity was estimated to be large enough in size to harbor a β-barrel of
up to 22 β-strands in size. It was therefore suggested to serve as
scaffoldwhich provides a protective environment for precursor folding
(an Anﬁnsen cage), subsequently releasing the assembled β-barrel
structure into the membrane by lateral opening [103]. In this case
however, the cavity would probably be formed by multiple TOB
subunits, as lateral opening of a β-barrel structure appears to be
unlikely due to thermodynamic considerations. It is also possible
that the POTRA domain and other parts of Tob55 serve as a folding
scaffold for precursors and subsequently facilitate the insertion of the
preformed β-barrel structure into the membrane.. Newly synthesized β-barrel precursors are probably associated in the cytosol with
proteins are recognized by receptor components of the TOM complex (mainly Tom20)
anslocase (b). Upon their exit from the translocase, these precursors are exposed to the
nts (c). Next, they are relayed to the TOB/SAM machinery which mediate their insertion
upled manner. The numbers refer to the respective subunits of both complexes.
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Tob38, it was speculated that it could establish interactions with
cytosolic chaperones or TOM complex components [105]. It was
further suggested that it may stabilize the structure of Tob55 and
contribute to precursor binding in cooperation with Tob55 [38,129].
Mas37 was initially thought to serve as an import receptor of the TOM
complex [116], but was later assigned to the TOB complex after the
discovery of its role in Tom40 biogenesis [48]. Besides a general role in
promoting TOB complex stability [105], recent reports point at a
potential function in the release of β-barrel precursors from the TOB
complex. A temperature sensitive allele of Tob38 has been described
in which overexpression of Mas37 cannot rescue its growth phe-
notype. Therefore, the authors suggested that Mas37 acts in β-barrel
assembly downstream of Tob38 [129]. Additionally, the biogenesis of
Tob55 itself was found to depend on Mas37 to a lesser extent as that
of other β-barrel proteins [38]. This difference may result from the
necessity of most β-barrel proteins to leave the TOB complex after
insertion. In contrast, precursor molecules of Tob55 have already
reached their destination upon association with preexisting TOB
complexes.
Notably, a recent study has extended the functions of the TOB
complex by suggesting that this complex is necessary also for efﬁcient
membrane integration of Tom22. It was further proposed that
the assembly, but not the membrane integration, of the small Tom
subunits depends on Mas37 [130]. This report introduces an
interesting twist to our view of the cross-talk between the TOM
and the TOB complexes. However, since a direct interaction of the
TOB complexwith precursors of Tom22 and of the small Tomproteins
was not reported it cannot be excluded that the observed effects were
secondary to the known inﬂuence of the TOB complex on the bio-
genesis of Tom40.
Recent ﬁndings have demonstrated that the assembly pathway of
β-barrel proteins may be even more complicated than anticipated. A
second complex in the outer membrane, composed of Mdm10,
Mdm12 and Mmm1, was suggested to function in the assembly
process of β-barrel proteins downstream of the TOB complex [131].
It should be mentioned that this complex has also been linked to
mitochondrial morphology [98]. Thus, it is currently unclear whether
the primary function of these proteins lies in the mediation of the
organelle's dynamics or in protein sorting. A further option is that
these two apparently unrelated tasks are carried out by distinct
populations of the Mdm10/Mdm12/Mmm1 complex.
The assembly of Tom40 has been studied in much detail and often
serves as a paradigm for the biogenesis of other β-barrel proteins. The
biogenesis of Tom40 follows a sequence of distinct intermediates, before
being assembled into the TOM complex. Directly after import, a ﬁrst
intermediate of 250–300 kDa (intermediate I) representing a Tom40
precursors associated with the TOB holo-complex is formed [48,103,118].
Respective intermediates have also been observed for other β-barrel
proteins, including porin, Mdm10 and Tob55 [48,64,103,114,132]. Next,
Tom40 precursors dissociate from the TOB complex and form assembly
intermediate II of approximately 100 kDa. It is thought to represent a
Tom40 dimer accompanied by Tom5 [48]. By association of the remaining
subunits Tom6, Tom7 and Tom22, these dimers are ﬁnally integrated into
the TOM core complex [92].
Two further proteins, Mim1 and Mdm10, have been implicated in
this last step [64,65]. It has been suggested that Mdm10 is part of a
higher molecular weight TOB complex with a molecular mass of
approximately 350 kDa, acting selectively in the assembly of Tom40. In
absence of Mdm10, a reduced integration of Tom40 into the TOM
complex and an accumulation of the 100 kDa Tom40 intermediate II
were observed, whereas other β-barrels were unaffected [99]. Thus, it
was proposed that Mdm10, a β-barrel protein itself, may promote the
recruitment of Tom6, Tom7 and Tom22 to intermediate II of the Tom40
[99]. A role for Mim1 in the assembly of Tom40 was proposed since
cells deleted in Mim1 exhibit lower levels of Tom40 and reducedstability of the TOM complex [64,65]. However, conﬂicting data exists
regarding the stage in which the protein might act in the Tom40
assembly pathway. While one report provides evidence for a role of
Mim1 in the assembly of intermediate II into the TOM core complex
[64], the other infers that the protein is mainly involved in the release
of Tom40 precursors from the TOB complex [65]. Moreover, Mim1was
also suggested to associate with the TOB complex, forming a 350 kDa
oligomeric structure, which is believed to be distinct from the one
involving Mdm10 [67]. Furthermore, as mentioned before, Mim1 also
inﬂuences the membrane integration of signal-anchored proteins.
Collectively, the protein might have multiple functions.
8. Future perspectives
Our understanding of the biogenesis of the mitochondrial outer
membrane has increased signiﬁcantly in the last ﬁve years. New
pathways and unique complexes have been identiﬁed and charac-
terized. However, despite of the substantial progress, many open
questions arewaiting to be resolved. Future studieswill be necessary to
identify further components of the sorting machineries in the outer
membrane and to resolve the question of whether signal- and tail-
anchored proteins require yet unknown insertases. Additionally,
information on the atomic structures of the TOM and TOB complexes
will provide uniquepossibilities to understand themolecular functions
of these molecular machines. The regulation of the biogenesis of outer
membrane proteins by post-translational modiﬁcations should also be
addressed. In closing, a neglected area which deserves more attention
is the interplay between the proteins of the outer membrane and the
lipids molecules in which they are embedded.
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